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(57) ABSTRACT

A device includes a tube and a sleeve configured to at least
partially encircle a portion the tube along 1ts length. The tube
1s flexible and airtight and defines a longitudinal axis along
a center of the tube, and 1s configured to bend along the
longitudinal axis upon at least partial evacuation of the tube
to form a joint. The joint defines a joint angle relative to the
longitudinal axis, thereby approximating a revolute joint
with torsional stiflness. Actuating a joint includes partially
evacuating a flexible tube defining a longitudinal axis,
thereby forming a bend in the tube at an angle with respect
to the longitudinal axis at a perimeter of a rigid sleeve at
least partially encircling the tube, and restoring a neutral
pressure to the tube, thereby removing the bend in the tube.
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PINCHED TUBES FOR RECONFIGURABLE
ROBOTS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Patent

Application No. 63/270,921 filed on Oct. 22, 2021, which 1s
incorporated herein by reference 1n 1ts entirety.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This invention was made with government support
under 1935324 awarded by the National Science Founda-
tion. The government has certain rights 1n the invention.

TECHNICAL FIELD

[0003] This mnvention relates to reconfigurable joints for
use 1n continuum robots using pinched, soit tubes.

BACKGROUND

[0004] Soft robots use intrinsically soft and extensible
materials which allow for large and continuum-like defor-
mation throughout the robot body. The reconfigurablity of
soit robots allows them to bend and deform to adapt to their
environment. For example, by implementing continuously
bendable structures inside the soft robot body, soit robotic
grippers can easily adapt their curvature to the target object,
or soit mobile robots can adapt body stiflness to optimize for
cllective locomotive forces.

SUMMARY

[0005] This disclosure generally relates to the design,
tabrication, and performance of tube-pinching reconfigur-
able revolute joints for use 1n soft continuum robots. The
disclosure describes an 1intermediate approach towards
achieving the versatility of continuum robots while main-
taining the control and estimation methods of rigid robots.
The design includes a soft tubular element which can be
buckled through an internal negative pressure, with the
buckling angle set by a confining sleeve. Once the tube 1s
buckled i1t approximates a revolute joint with torsional
stiflness. An appropriate sleeve shape that enables precise
joint axis control 1s described. Internal vacuum pressure
controls the torsional stifiness of the joint. A flapping tail 1n
water that uses soft joint reconfiguration to enable diflerent
swimming modes 1s also described.

[0006] In a first general aspect, a device includes a tube
and a sleeve configured to at least partially encircle a portion
the tube along its length. The tube 1s flexible and airtight and
defines a longitudinal axis along a center of the tube, and 1s
configured to bend along the longitudinal axis upon at least
partial evacuation of the tube to form a jomnt. The joint
defines a joint angle relative to the longitudinal axis, thereby
approximating a revolute joint with torsional stiflness.
[0007] Implementations of the first general aspect can
include one or more of the following features.

[0008] The first general aspect can further include a cap at
cach end of the tube. The caps can be configured to provide
an airtight seal to the tube. In some cases, the sleeve 1s rigid.
The sleeve can be translatable along a length of the tube. An
outer diameter of the sleeve can define at least two convex
portions. In some implementations, a location of the sleeve
along the length of the tube defines a location of the bend

Apr. 27, 2023

along the longitudinal axis. The sleeve can be configured to
define a pinching angle of the tube. In some cases, the bend
1s formed along a cross-section of the tube. A position of the
sleeve along the length of the tube can be selected to form
the revolute joint at a desired location along the tube.
[0009] In some cases, an extent of the at least partial
evacuation of the tube is selected to form the revolute joint
at a desired angle relative to the longitudinal axis. A bending
stifflness of the revolute joint 1n an ofl-axis direction can
exceed that along a bending axis of the tube. In some
implementations, at least partial evacuation of the tube
creates a negative pressure inside the tube. The tube, when
at negative pressure, can be bent to a desired joint stiflness
at a desired joint angle. In some cases, the tube, when not
subjected to at least partial evacuation, 1s substantially
unbendable until after a threshold yield force 1s exceeded.
The tube can be configured to be coupled to a vacuum
apparatus, and the vacuum apparatus can be configured to
achieve the at least partial evacuation of the tube. The joint
can be reconfigurable. In some cases, the first general aspect
1s a tail of a multi-linkage swimming robot. The joint can
demonstrate anisotropic torsional stiflness. In some 1mple-
mentations, the joint corresponds to a collapsed surface of
the tube. The first general aspect can further include an
actuation source coupled to the joint. A robot can include the
tube.

[0010] In a second general aspect, actuating a joint
includes partially evacuating a flexible tube defining a
longitudinal axis, thereby forming a bend 1n the tube at an
angle with respect to the longitudinal axis at a perimeter of
a rigid sleeve at least partially encircling the tube, and
restoring a neutral pressure to the tube, thereby removing the
bend 1n the tube.

[0011] In a third general aspect, a device includes a tube
and a module positioned 1nside the tube. The tube 1s flexible
and airtight and defines a longitudinal axis along a center of
the tube. The module 1s configured to translate along the
longitudinal axis of the tube and expand the tube perpen-
dicular to the longitudinal axis to define a joint. The tube 1s
configured to bend along the longitudinal axis upon at least
partial evacuation of the tube at the joint to define a joint
angle relative to the longitudinal axis, thereby approximat-
ing a revolute joint with torsional stiflness.

[0012] Advantageous aspects of this disclosure include a
design which permits the creation of various mechanisms
with unique kinematics from a single soit tube, through the
creation and on-demand configuration of joints. This permits
different mechanisms to be created from one base element.
The design allows the restoration of the joint to the original
tubular shape once the forces are removed. Several joints
can be connected together to create kinematic mechanisms
on demand, and the orientation of each joint can be rede-
fined.

[0013] The details of one or more embodiments of the
subject matter of this disclosure are set forth 1n the accom-
panying drawings and the description. Other {features,
aspects, and advantages of the subject matter will become
apparent from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG. 1A shows components for the fabrication of
the reconfigurable revolute joints. FIG. 1B shows pinching
induced by negative pressure within a flexible tube. FI1G. 1C
shows a pinched joint with the pinch location and axis
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controlled by the sleeve. FIG. 1D shows a joint subjected to
a load along the pinched axis and 1n an off-axis direction.
[0015] FIG. 2A shows the joint control mechanism using
an external confining sleeve to constrain the pinch angle
during each inflation-deflation cycle. FIG. 2B 1s a front view
showing the angular mismatch between the sleeve axis and
the pinched joint axis. FIG. 2C shows plots of angular
mismatch between the constraining sleeve axis (dotted line)
and the joint axis (points with error bars) for different
geometric parameters of the sleeve. The width and the depth
of the “V” shaped groove 1n the external confimng sleeve
were varied.

[0016] FIG. 3A shows an apparatus for testing anisotropic
and variable stiflness of the pinched joint. FIG. 3B shows
plots of joint stiflness for different load orientations with
respect to the pinch axis. FIG. 3C shows plots of joint
stiflness for different internal tube volumes.

[0017] FIG. 4A 1s a multi-frame 1image from a video of an
actuated joint tlapping in water. A rotary motor causes the
joint to undergo a circular motion, and when the joint 1s
buckled at a specific angle the tail exhibits flapping motion
along that axis plane. FIG. 4B shows the umiversal actuation
mechanism. FIG. 4C shows plots of tail flapping results at
three frequencies demonstrating the different behaviors of
the tube. Low frequencies do not induce joint bending,
modest frequencies induce symmetric joint buckling and
thus flapping motion, and high frequencies induce asym-
metric (biased) flapping motion.

[0018] FIG. SA shows the kinematics of two-linkage tube
made with two pinchable joints with various pinching axes.
FIG. 5B shows plots of the displacement and speed profiles
of a swimming robot.

[0019] FIG. 6A depicts an internal module for the creation
of a pinched joint with variable angle and position. FIG. 6B
shows a 3D printed internal module with geared motors for
joint reconfiguration. FIG. 6C shows an inflatable tube with
a joint actuated from inside by the internal module.

[0020] FIG. 7A shows an apparatus used to measure the
force required to pinch a tube. FIG. 7B 1s a plot of the force
required to pinch a tube under different internal pressures.
[0021] FIG. 8A shows an apparatus used to measure joint
stiflness. FIG. 8B shows plots of measured torque as a
function of joint angle for ditferent lengths of pincher rods.
FIG. 8C shows plots of measurements made under the same
conditions as FIG. 8B but with different pincher rod widths
producing different pinch geometries.

DETAILED DESCRIPTION

[0022] This disclosure describes soit reconfigurable joints
with adjustable joint axes and stiflness for use as soft robotic
building blocks. A soft elastic tubular shell 1s used which can
bend along any axis upon being pinched. Negative pressure
within the tube causes buckling/pinching to occur along a
cross-section of the tube and, through the use of a ngid
confining sleeve, the exact buckling/pinching angle can be
located. Thus, by changing the position and angle of the
sleeve, joints can be created with desired locations and axes.
The bending stiflness of the pinched joint 1s low in the
preferred direction, but remains high 1n the off-axes direc-
tions. Through this buckling mechanism, a soft robot struc-
ture can be achieved with at least two states: 1) at neutral
pressure and thus unbendable until after a yield force 1s
exceeded; and 2) at negative pressure and thus buckled to a
desired joint stifiness at desired joint angle.
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[0023] The statics and kinematics of the pinched tubes are
described in which the resolution of joint angle, stiflness
control, two-joint kinematics, and underwater flapping
modes are assessed. The tube-pinching joints are integrated
into the tail of a multi-linkage swimming robot. An open-
loop universal actuation source provides a neutral “direction
free” source of flapping input, while the controllable tube
pinching along a specific axis controls the flapping angle of
the robot tail.

[0024] The design of the reconfigurable revolute joints 1s
based on negative pressure actuation of a sealed tubular shell
that creates a buckled (or pinched) region with variously
tunable stiflness and joint axis. FIG. 1A shows the compo-
nents used 1n the fabrication of the tube-pinching revolute
joimts. A 3D printer 102 was used to form the flexible
thermoplastic polyurethane (TPU) tube 104 and the rigid
polylactic acid (PLA) pinch constraint sleeve 106 and seal-
ing cap 108. The sealing cap 108 was tightly secured in the
end of the tube 104 to provide an airtight seal. The pinch
constraint sleeve 106 slides over the tube 104 and can be
translated along 1ts length.

[0025] FIG. 1B shows the general mechanism that enables
the reconfigurable revolute joints. A vacuum apparatus (e.g.,
a syringe 110) 1s coupled to the sealing cap 108 of the
flexible tube 104 as a means to achieve partial evacuation of
the tube. Partial evacuation of the tube 104 creates a
negative pressure inside the tube 104. As air 1s withdrawn,
the tube 104 forms a semi-two-dimensional (2D) buckled/
pinched region 112 with two bulged edges 114 and collapsed
surfaces 116. Such an induced pinch 112 can thus be utilized
as a soit revolute joint with anisotropic torsional stiflness.
This means that the bending stiflness in the pinched axis
direction 1s low but remains high in off-axis orientations.

[0026] A soft tubular shell with homogeneous wall thick-
ness may pinch unpredictably upon vacuuming. To prevent
this, the rigid pinch constraint sleeve 106 (or sleeve) 1s
positioned along the length of the tube 104 to confine the
pinch axis and location, as shown in FIG. 1C. With the
sleeve 106 installed, the pinch formation 1s constrained
within the direction and co-aligns with the groove formed by
the two convex portions 122 and 124 of the sleeve. The joint
126 corresponds to a collapsed surface of the tube 104. The
bend 1s formed along a cross-section of the tube 104. The
orientation of the sleeve 106 defines the pinching angle of
the tube 104. The location of the joint 1s constrained 11 two
sleeves 130 and 132 are installed 1n the configuration shown
in FIG. 1D. The location of the revolute joint 134 along the
tube can be selected by the position of the sleeves. Changing
the position and/or orientation of the sleeve allows the joint
to be reconfigurable. To demonstrate the anisotropic tor-
sional stiflness of the joint, a 200 g weight was hung from
the end of the tube, as shown 1n FIG. 1D. When the joint 134
1s oriented along the bending axis of the tube 136, the
bending stifiness 1s at a minimum and the joint detlects
almost 90°. When the joint 134 1s oriented 1n an off-axis
direction 138, the bending stiflness 1s greater and the detlec-
tion of the tube minimal. The bending stiflness of the
revolute joint 134 1n an ofl-axis direction 138 exceeds that
along a bending axis of the tube.

[0027] A desired joint deflection angle relative to the
longitudinal axis of the tube can be formed by selecting the
evacuation level of the tube. When not subjected to at least
partial evacuation, the tube 1s substantially unbendable until
after a threshold yield force 1s exceeded.
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[0028] An actuation source can be coupled to the joint.
The joint can be actuated by partially evacuating the tube
defining a longitudinal axis, thereby forming a bend 1n the
tube at an angle with respect to the longitudinal axis at a
perimeter of a rigid sleeve at least partially encircling the
tube; and restoring a neutral pressure to the tube, thereby
removing the bend 1n the tube. A robot can 1include the joint.
The joint can be a tail of a multi-linkage swimming robot.
[0029] In a second embodiment of a reconfigurable reso-
lute joint using a flexible and airtight tube, a module 1s
positioned iside the tube that can move along the longitu-
dinal axis of the tube. The module can define a location of
the joint by expanding the tube from within along an axis
perpendicular to the longitudinal axis of the tube. Upon
partial evacuation of the tube, a revolute joint with torsional
stiflness forms at the expansion location.

Examples

[0030] Fabrication Process. All components for building
the pinchable joint were fabricated via 3D printing on a
tused deposition modeling (FDM) 3D printer (Prusa 13
MK3S). The size of the soft tube body 1s 180 mm in length,
50.5 mm outer diameter, 1.5 mm wall thickness, 319 mlL. 1n
volume, and was printed with flexible thermoplastic (TPU).
By printing with a fine layer thickness (0.1 mm-0.15 mm)
airtight prints were achieved which allowed the control the
tube’s internal volume using a simple syringe (or a pump).
The nigid sleeves and other auxiliary components were
printed with rigid polylactic acid (PLA) filament as shown
in FIG. 1A. The whole tube can thus be assembled by
putting on the rigid sleeve with an air inlet istalled on top
of the sealed tube. The entire fabrication process can take
around 4 hours with 2 FDM printers with around 5 minutes
for the hand assembly.

[0031] Joint Axis Defined by Sleeve Angle. This disclo-
sure describes the fabrication of joints by vacuuming a
sealed tubular shell and constraining the axis of that pinched
region using a “V”’ shaped 3D printed sleeve. As shown in
FIG. 2A, with the rigid pinch constraint sleeve 202 installed
over the tube 204, a motorized gear system 206 can drive
and change the sleeve angle. When the tube 1s vacuumed, 1t
creates a pinched region 208 the axis of which 1s aligned
with the sleeve axis. To reconfigure the joint axis 210, the
tube 1s reinflated and the sleeve axis 1s rotated using the
motorized gear system 206 before the tube 1s deflated again
to form a pinched region 212 with a new joint axis.

[0032] Co-alignment between the joint and the sleeve can
be largely controlled by grooves formed by convex portions
of the rigid pinch constraint sleeve which 1s highly affected
by the geometric parameters of the “V” shape. To charac-
terize the co-alignment, front view pictures were taken of the
pinched joint as shown in FIG. 2B, and the mismatch was
compared between the joint axis 220 (defined by the bulged
edges 222) and the sleeve axis 224 (defined by the pointed
edges 226 from the 3D prints). As shown in FIG. 2C, the
width and the depth of the “V” shape were varied for
sleeve-joint axis comparison. A deep and narrowed “V”
shape 230 has a better constraining eflect than shallow and
widened shapes 232 and 234 (width change from 18 mm to
24 mm and depth change from 30 mm to 45 mm). An
averaged angular mismatch was measured to be 5.4°, 14.5°,
and 21.7° for the three sleeve sets. As a verification, the same
design parameters for both the pinchable tube and the
confining sleeves were put mto a static simulation (AN-
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SYS), and a similar pressure condition was applied as in the
experiment (110 mL air extraction of the tube with a 319 mL
internal volume). The simulated results matched with the
experimental sets from the deep and narrowed “V shape”
(width 18 mm, depth 45 mm) but differ slightly from the
other two sets. The sleeve design helps confine the joint axis
by confining the bulged edges to form only 1n the groove
region and thus a sleeve design with a deep but narrowed “V
shape” shows the best results among the sleeve designs.

[0033] Variable Joint Stiffness from Pinch Control. The
stiflness profile of a reconfigurable revolute joint can be
controlled by tuning the joint axis and/or changing the
internal volume of the tube. The stifiness was characterized
based on a linear motorized force sensor gauge 302 (Mark-
10, ESM750) in which the tube’s neutral axis was aligned
with the external loading part as shown in FIG. 3A. The
sample 304 (a piece of sealed TPU tubing) had measure-
ments of 50.5 mm (diameter)x180 mm (length), with a 1.5
mm wall thickness. The sample was fixed at one end like a
cantilever beam with the load exerted at the other end. The
loading speed was set to 100 mm/min with a 10 mm travel
distance. The stiflness was measured with respect two
variables: 1) tunable sleeve constraint 306 orientation and
thus joint axis; and 2) different internal volume extracted AV
using a syringe with the joint axis poised at 0°.

[0034] For tunable joint axis, the tube’s pinch angle was
varied from 90° (co-aligned) to 0° (perpendicular), while the
internal tube volume extracted was kept at 110 mL through-
out the sets. As shown in FIG. 3B, during the loading
process, the joint exerted increasing reaction force linearly
with the load travel; however, it exhibited reduced load rate
during the unloading process due to the nonlinear hysteresis
from the tube pinching and buckling. For different joint axes
310, 312, 314, and 316, the highest stifiness profile was
observed when the joint was poised at 90° 310, and the
lowest stiflness profile was observed when the joint was at
0° 316. The load rate (stiflness) lowered gradually as the
joint axis was tuned from 90° 310 to 0° 316. This can be due
at least 1n part to the amsotropic stiflness profile from the
pinched region of a flexible tubing. Such a phenomenon can
be utilized for varying the joint bending stiflness by select-
ing a highly resisting joint axis while maintaining softness in
the orthogonal direction.

[0035] A similar stiflness analysis shown in FIG. 3C was
conducted based on different internal volume extracted from
the test sample. In this set, the joint axis was fixed at 0° 316,
and the volume extracted was varied from 50 mL to 80 mL
to 110 mL. As the internal volume of the tube was changed,
the 1nside pressure using a pressure sensor was measured
(Honeywell, NBP, 0-30 ps1). The system pressure between
the syringe 320 and the pinched tubing 322 remained almost
unchanged with different tube internal volumes extracted. In
FIG. 3C, a drop of force rate (stifiness) was observed as the
internal tube volume extracted was increased, which 1s due
at least 1n part to the reduced cross sectional areas of the
pinched tube as well as the curved surface from buckling.
Joint hysteresis can also be observed during the loading and
unloading process. The hysteresis 1s due at least 1n part to the
buckling from the lower surface of the tube that dissipates
more energy as 1t recovers to its neutral state. All tests (for
both tunable axis and volume control) were sampled and
averaged with five independent trials in which the internal
air volume was reset for each data set using the same tube
(Jjoint) sample.




US 2023/0127106 Al

[0036] Underwater Joint Kinematics via Universal Actua-
tion. Referring to FIG. 4A, the motion of the soft robot
system 400 can be reconfigured through the individual
joint/pinch axis or stiflness without modulating the main
actuation mput. Specifically, by inducing a pinch 1n a soft
continuum appendage 402, desired oscillatory modes of can
be selected out even with a nondirectional actuation input.
This design 1s employed 1n an underwater tlapping tail 404
with a stepper motor 406 (17hs19-2004s1) universally spin-
ning without preferred directions. To achieve the proposed
motion strategy, the tail should not rotate itself since the
desired joint axis determined by the orientation of sleeve
408 1s to remain at a fixed angle. Referring to FIG. 4B, the
tail was fixed to a stationary base 410 using TYGON tubing,
412 with a high torsional stiflness to prevent the tail from
self-spinning. The tail was also constrained by an eccentric
distance 414 to amplily the motion amplitude for an observ-
able flapping motion. An indirect drive system was fabri-
cated using a 3D printed gear drive 416 coupled with the
motor mput.

[0037] Under such a umiversal actuation method, the
underwater tail flapping performance was analyzed by driv-
ing the pinched joint under different mmput Irequencies.
Results of the analysis are shown in FIG. 4C. At a low
spinning frequency (0.56 Hz), the joint acted as a rigid tail
with a symmetric end tip trajectory. As the driving frequency
was 1ncreased to 1.4 Hz, symmetric tail flapping motion was
observed with the joint bending out of phase to the input. As
the input frequency increased to 2.5 Hz, a biased flapping
motion of the joint from a universal actuation was observed.
Such a phenomenon may be caused by the hysteretic stifl-
ness from the pinched tube plus the nitial conditions (e.g.,
facing of the tail and the joint axis), which shows the
potential of altering the underwater locomotion by changing,
only the mput driving frequency.

[0038] Demonstration of the Two-Jomt Kinematics and a
Swimming Robot. To increase the degrees of freedom of the
soit tubular structure, two pinchable joints were connected
together through a 3D printed part. This enables not only 3D
construction space ol the tube using two perpendicular
revolute joints, but also various deformation pattern by
modulating the individual stifiness (or stiflness ratio)
between the two joints.

[0039] As shown in FIG. 5A, a two-joint linkage system
500 with reconfigurable configuration spaces was con-
structed using the tunable joint axis and varniable bending
stillness controlled by internal tube volume. With the two
linkages 502 and 504 1n different combinations of pinch axes
as determined by the orientation of sleeves 506 and 508,
variations 1n joint flexibility and range of motion of the
reconfigurable robotic linkage system can be achieved. For
configuration 3510, joint 502 1s at set at mimmimum stifiness
and joint 504 1s set at maximum stifiness. For Conﬁguratlon
512, both joints 502 and 504 are set at maximum stifiness.
For configuration 514, joint 502 1s set for maximum stiflness
and joint 504 1s set for minimum stifiness. For Conﬁguratlon
516, both joints 502 and 504 are set for mimmum stiflness.

[0040] Swimming Performance of a Simple Two-Joint
Robot. For the swimming robot analysis, two reconfigurable
joints were assembled 1n series as a continuum tlapping tail
and mounted on a rail system to observe the linear flapping
motion. The two joint axes were aligned and mounted a rigid
tail by the end of the robot (60 mm tail length). The tail was
driven by the same universal actuation method as described
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with reference to the underwater kinematics. Under a 2.35
Hz input frequency, the two-joint system moves steadily at
an average speed of 14.1 mm/s shown 1n FIG. 5B.

[0041] A second embodiment of a reconfigurable resolute
joint using a flexible and airtight inflatable tube 1s depicted
on FI1G. 6 A. A module 602 1s positioned inside the tube 604.
The module 602, which can translate along the longitudinal
axis of the tube 604 using sliding mechanism 606, can define
a location of the joint 608 by expanding the tube from
within. Upon partial evacuation of the tube, a revolute joint
608 with torsional stiflness forms at the expansion location
using a pinch mechanism 612. FIG. 6B shows a 3D printed
internal module 602 with geared motors for joint reconfigu-
ration. The sliding mechanism 606 1s used to translate the
module 602 inside the tube 604 to set the location of the joint
608. The pinch mechanism 612, driven by the joint actuation
motor 614, expands the tube 1n a direction perpendicular to
the longitudinal axis of the tube to form the joint. FIG. 6C
shows an 1nflatable tube 604 with a joint 608 actuated from
inside by the mternal module.

[0042] FIG. 7A shows an apparatus used to measure the
force required expand a tube to form the pinched joint. A
force meter 702 1s used to measure the force required pull
apart the sides of tube 704 to given distance (1.e., pinch
width 706) as a function of internal tube pressure. The sides
of the tube are anchored at points 708. FIG. 7B 1s a plot of
the force required to expand the tube to form the pinched
joint with different internal tube pressures.

[0043] FIG. 8A shows an apparatus 800 used to measure
joint stiflness for joints made using rigid pincher rods 802 to
expand a tube 804. The rods 802 are inserted 1n the tube 804
to form a joint 806 at the pinch location 810. Force sensor
812 measures the torque required to bend the joint 806 to an
angle 0. FIG. 8B shows plots of measured torque as a
function of joint angle for different lengths of pincher rods
820. FIG. 8C shows plots of measurements made under the
same conditions as FIG. 8B but with a pincher rods 830 with
different widths producing different pinch geometries.
[0044] Particular embodiments of the subject matter have
been described. Other embodiments, alterations, and permu-
tations of the described embodiments are within the scope of
the following claims as will be apparent to those skilled 1n
the art. While operations are depicted in the drawings or
claims 1n a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or 1 sequential order, or that all illustrated
operations be performed (some operations may be consid-
ered optional), to achieve desirable results.

[0045] Accordingly, the previously described example
embodiments do not define or constrain this disclosure.
Other changes, substitutions, and alterations are also pos-
sible without departing from the spirit and scope of this
disclosure.

What 1s claimed 1s:

1. A device comprising:

a tube, wherein the tube 1s flexible and airtight and defines
a longitudinal axis along a center of the tube; and

a sleeve configured to at least partially encircle a portion
the tube along 1ts length,

wherein the tube 1s configured to bend along the longi-
tudinal axis upon at least partial evacuation of the tube
to form a joint that defines a joint angle relative to the
longitudinal axis, thereby approximating a revolute
joint with torsional stiflness.
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2. The device of claim 1, further comprising a cap at each
end of the tube, wherein the caps are configured to provide
an airtight seal to the tube.

3. The device of claim 1, wherein the sleeve 1s rigid.

4. The device of claim 1, wherein the sleeve translatable
along a length of the tube.

5. The device of claim 1, wherein an outer diameter of the
sleeve defines at least two convex portions.

6. The device of claim 1, wherein a location of the sleeve
along the length of the tube defines a location of the bend
along the longitudinal axis.

7. The device of claim 1, wherein the sleeve 1s configured
to define a pinching angle of the tube.

8. The device of claim 1, wherein the bend 1s formed
along a cross-section of the tube.

9. The device of claim 1, wherein a position of the sleeve
along the length of the tube 1s selected to form the revolute
joint at a desired location along the tube.

10. The device of claim 9, wherein an extent of the at least
partial evacuation of the tube 1s selected to form the revolute
joint at a desired angle relative to the longitudinal axis.

11. The device of claim 9, wherein a bending stifiness of
the revolute joint 1n an off-axis direction exceeds that along
a bending axis of the tube.

12. The device of claim 1, wherein the at least partial

evacuation of the tube creates a negative pressure inside the
tube.

13. The device of claim 12, wherein the tube, when at
negative pressure, 1s bent to a desired joint stiflness at a
desired joint angle.

14. The device of claim 1, wherein the tube, when not
subjected to at least partial evacuation, 1s substantially
unbendable until after a threshold yield force 1s exceeded.
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15. The device of claim 1, wherein the tube 1s configured
to be coupled to a vacuum apparatus, and the vacuum

apparatus 1s configured to achieve the at least partial evacu-
ation of the tube.

16. The device of claim 1, wherein the joint 1s reconfig-
urable.

17. The device of claim 1, wherein the device 1s a tail of
a multi-linkage swimming robot.

18. The device of claim 1, wherein the joint demonstrates
anisotropic torsional stiflness.

19. The device of claim 1, wherein the joint corresponds
to a collapsed surtace of the tube.

20. The device of claim 1, further comprising an actuation
source coupled to the joint.

21. A robot comprising the device of claim 1.

22. A method of actuating a joint, the method comprising:

partially evacuating a flexible tube defining a longitudinal
axi1s, thereby forming a bend in the tube at an angle with
respect to the longitudinal axis at a perimeter of a ngid
sleeve at least partially encircling the tube; and

restoring a neutral pressure to the tube, thereby removing
the bend 1n the tube.

23. A device comprising:
a tube, wherein the tube 1s flexible and airtight and defines
a longitudinal axis along a center of the tube; and

a module positioned inside the tube, wherein the module
1s configured to translate along the longitudinal axis of
the tube and expand the tube perpendicular to the
longitudinal axis to define a joint,

wherein the tube 1s configured to bend along the longi-
tudinal axis upon at least partial evacuation of the tube
at the joint to define a joint angle relative to the

longitudinal axis, thereby approximating a revolute

joint with torsional stiflness.
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